Background -Recent studies have indicated that bone marrow stromal cells (BMSC) may improve neurological function when transplanted into animal model of central nervous system (CNS) disorders including cerebral infarct. However, there are few studies that evaluate the therapeutic benefits of direct and intravenous BMSC transplantation for cerebral infarct.
he central nervous system (CNS) possesses a limited capacity for tissue regeneration, and functional recovery after CNS disorders such as ischemic stroke and spinal cord injury are generally considered quite difficult. Therefore, cell transplantation therapy has been expected as one of novel therapeutic strategies for these two decades 1 . Embryonic stem (ES) cells, induced pluripotent stem (iPS) cells, neural stem/neuronal precursor cells, umbilical cord blood cells, and bone marrow stromal cells (BMSC) have been considered as candidates for the source of cell transplantation therapy. Of these, the BMSC may be the most likely source of donor cells for patients with CNS disorders in clinical situations, because they can be harvested from the patients themselves without ethical and immunological issues. Recently, there is increasing evidence that the BMSC have the capacity to survive, proliferate, migrate toward injured CNS tissue, express the neuronal and astrocytic phenotypes, and enhance functional recovery when transplanted into various kinds of animal models of CNS disorders, including cerebral infarct [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . The BMSC can also produce neurotrophic or neuroprotective factors and support the survival of host CNS tissue.
Therefore, the BMSC may protect and regenerate the damaged CNS tissue through multiple mechanisms 3 . In fact, some preliminary clinical trials have been started to assess the efficacy of BMSC transplantation on cerebral infarct [19] [20] [21] .
However, it should be reminded that there still exist a several problems to be solved prior to clinical application of BMSC transplantation for CNS disorders. The issues include the optimal timing, dose, and route of BMSC delivery. Although all of them are quite critical to evaluate its therapeutic significance, there are few studies that scientifically determine the most favorable protocol even in animal experiments using BMSC [22] [23] [24] [25] . For example, the BMSC can be transplanted into the injured CNS tissue through direct, intravenous, intra-arterial, or intrathecal route. However, there is only one study that evaluates the therapeutic benefits of direct and intravenous BMSC transplantation for cerebral infarct 23 . As recently pointed out by The STEPS Participants, it is essential to determine the most desirable route of cell delivery in order to yield the maximal therapeutic effects prior to clinical application of cell-based therapy 26 .
Based on these considerations, this study was aimed to clarify the favorable route of BMSC transplantation for cerebral infarct. For this purpose, the BMSC were transplanted directly or intravenously at 7 days after the onset of permanent middle cerebral artery (MCA) occlusion. In addition to behavioral test, noninvasive in vivo near infrared (NIR) fluorescence imaging was employed to serially track the transplanted cells. Finally, the distribution and phenotypic fate of the engrafted cells were evaluated with histological analysis.
MATERIALS AND METHODS

Preparation of BMSC
All animal experiments were approved by the Animal Studies Ethical Committee of the Hokkaido T 4 University Graduate School of Medicine. All animals were purchased from CLEA Japan, Inc.
The BMSC were isolated under sterile conditions from the 8-to 10-week-old male Sprague-Dawley (SD) rats, as described previously 16, 18 . Briefly, anesthesia was induced with 3% isoflurane in The femurs were aseptically dissected. Their both ends were cut and the marrow was extruded with 5 mL of Dulbecco modified Eagle's medium (DMEM, Nissui Company, Tokyo, Japan)
containing 10% fetal bovine serum (FBS), 100U/ml penicillin G, and 10% heparin, using a 2.5-mL syringe and a 21-gauge needle. Between 10 and 15 × 10 6 whole marrow cells were placed in 150-cm 2 tissue culture flasks that were coated with collagen I (Beckton Dickinson Labware, Bedford, UK) in DMEM/10% FBS. After 24 hr, the non-adherent cells were removed by changing the medium. The culture medium was replaced two to three times a week. When the cells had grown to confluence, they were lifted by 0.25% trypsin and 0.02% EDTA in phosphate-buffered saline (PBS). The cells were passed three times for subsequent experiment.
Labeling of Cultured BMSC with Quantum Dots
The cultured BMSC were labeled with QD800 Q-tracker cell labeling kits (CdSeTe/ZnS: <10nm core-shell type, 5 to 10 nm polymer coating; Invitrogen, Hayward, CA, USA), as described before 27 .
Briefly, 1×10 6 cells in 4-ml DMEM containing 10% FBS were incubated in a 25-cm 2 tissue culture flask with 2 µl of QD800 reagent A and 2 µl of QD800 reagent B (2 nM). The cells were incubated at 37℃ for 15 hr. Following incubation, the cells were washed three times in PBS.
Permanent MCA Occlusion Model
A focal cerebral infarct was induced by permanent occlusion of the right middle cerebral artery (MCA) with temporary occlusion of the bilateral common carotid arteries (CCAs), as described before 27 . The 8-week-old male SD rats were anesthetized with the above-mentioned condition.
Core temperature was maintained between 36.5 and 37.0℃ through the procedures. The bilateral CCAs were exposed through a ventral midline incision of the neck. Then, a 1.5-cm vertical skin incision was performed between the right eye and ear. The temporal muscle was scraped from temporal bone, and a 7×7 mm temporal craniotomy was performed, using a small dental drill. To prevent cerebrospinal fluid (CSF) leakage, the dura mater was carefully kept intact, and the right MCA was ligated, using a 10-0 nylon thread through the dura mater. Then, the cranial window was closed with the temporal bone flap. The temporal muscle and skin were sutured with 4-0 nylon threads, respectively. Subsequently, the bilateral CCAs were occluded by surgical microclips for 1 hr. Only animals that circled towards the paretic side after surgery were included in this study 28 .
Direct or Intravenous BMSC Transplantation
The QD800-labeled BMSC were directly or intravenously transplanted at 7 days after the onset of permanent MCA occlusion. In the direct group (n=8), the QD800-labeled BMSC were stereotactically transplanted into the right striatum, as reported before 2, 6-8, 12, 18, 29 . Briefly, the animals were anesthetized with the above-mentioned condition. A burr hole was made 3 mm right to the bregma, using a small dental drill. A Hamilton syringe was inserted 6 mm into the brain parenchyma from the surface of the dura mater, and 20 µl of cell suspension (totally 1 × 10 6 cells) was introduced into the striatum over a period of 5 min, using an automatic microinjection pump.
To prevent CSF leakage, the burr hole was covered with the pericranium, and the skin was sutured with 4-0 nylon threads. In the vehicle group (n=8), 20 µl of PBS was stereotactically injected into the right striatum with the same procedures.
In the intravenous group (n=8), the QD800-labeled BMSC were intravenously infused through the tail vein. Briefly, the tail vein was exposed and the PE50 polyethylene catheter (0.580-mm inner diameter, 0.965-mm outer diameter; Becton Dickinson) was inserted into the tail vein. Then, 1 ml of cell suspension (totally 3 × 10 6 cells) was gently infused through the catheter over a period of 3 min. The catheter was removed, and the tail vein was ligated.
Evaluation of Motor Function after Transplantation
To assess the effect of BMSC transplantation on functional recovery, motor function of the animals was semi-quantitatively assessed before and at 7, 14, 21, 28, and 35 days after the onset of ischemia, using a Rotarod treadmill (Model MK-630; Muromachi Kikai Co.). The Rotarod was set to the acceleration mode from 4 to 40 rpm for 3 min. The animals were trained for 3 days prior to this study. The maximum time the animal stayed on the rotarod was recorded for each performance.
The two best values of six trials in each animal were used to represent performance 4, 7, 27 .
In vivo NIR Fluorescence Imaging
To serially track the transplanted BMSC in the living animals, in vivo NIR fluorescence imaging was repeated at 7, 14, 21, and 28 days after direct or intravenous BMSC transplantation, as described before 27 . Briefly, the animals were anesthetized with the above-mentioned condition, and their heads were shaved to avoid light scattering and autofluorescence. Then, they were transferred to the chamber of the IVIS 200 Imaging System (Xenogen Co., Alameda, CA, USA). The fluorescence emitted from QD800 was detected through the scalp and the skull, using an emission filter of 800 nm and excitation filter of 710 nm. Exposure time was set to 5 sec. To calibrate the fluorescence emitted from QD800, the Eppendorf tube containing 5 nM of QD800 in 1 ml of PBS was placed adjacent to the animals. All captured images were analyzed using the Living Image Software (Xenogen Co., Alameda, CA, USA). On the captured images, the 4-mm-diameter region of interest (ROI) was placed on the right parietal area of animals. Another ROI was set at the whole part of the Eppendorf tube containing the QD800 solution as a reference. Signal intensity in each ROI was expressed as total efficiency (TE) defined as follow:
Total efficiency (%) = total emission light (photons/seconds) / total excitation light (photons/seconds)
Then, the intensity of fluorescence emitted from the QD800-labeled BMSC was determined by calculating the ratio of TE in the right parietal area to that in the reference tube.
Histological Analysis
Following decapitation at 28 days after BMSC transplantation, the brain tissue was immersed in 4% paraformaldehyde for two days and embedded in paraffin. The 4-µm-thick coronal sections from three different levels were prepared for subsequent analysis. To evaluate the QD800-labeled BMSC in the brain, each section was observed through 510 nm long-pass filter under a fluorescence microscope (BS51; Olympus, Tokyo, Japan). To semi-quantitatively determine the number of the cells migrated towards the peri-infarct area, 10 regions of interest (ROIs, 100um x 100 µm) were placed on the area adjacent to the boundary zone of infarct. The number of QD800-positive cells was expressed by summing up their number in totally 10 ROIs.
To determine the phenotypic fates of the engrafted BMSC, fluorescence immunohistochemistry was performed 2, 5-7, 16, 17 . Briefly, each section was treated with the mouse monoclonal antibody against GFAP (dilution 1:500, BD Bioscience, Franklin Lakes, NJ, USA) or NeuN (dilution 1:400, Chemicon, Temecula, CA, USA) at 4℃ overnight, and was treated with Zenon Alexa Fluor 488 (Molecular Probes Inc, Eugene, OR, USA) at room temperature for 1 hr.
The fluorescence emitted was observed through appropriate filter under a fluorescence microscope.
Statistical Analysis
All data were expressed as mean ± SE. Continuous data were compared by unpaired t-test between two groups, and with one-factor ANOVA followed by post hoc Fisher's PLSD among three groups.
Values of P < 0.05 were considered statistically significant.
RESULTS
Direct BMSC Transplantation Enhances Functional Recovery
The vehicle or BMSC (1 × 10 6 cells) was stereotactically transplanted into the ipsilateral striatum at 7 days post-ischemia in the vehicle or direct group, respectively. The BMSC (3 × 10 6 cells) were intravenously infused at the same timing in the intravenous group. All animals survived throughout the experiment and were used for subsequent analysis. As shown in Fig. 1 
Direct Transplantation Improves BMSC Engraftment on Optical Imaging
Using in vivo NIR fluorescence imaging, the QD800-labeled BMSC were serially tracked at 7, 14, 
Direct BMSC Transplantation Increases Their Survival in The Infarct Brain
The distribution of the QD800-positive cells was evaluated in the direct and intravenous groups at 28 days after transplantation on fluorescence microscopy. Fig. 4 summarizes their distribution in both groups. When the QD800-labeled BMSC were stereotactically transplanted into the ipsilateral striatum, the QD800-positive cells were widely distributed in the ipsilateral hemispheres, including the striatum, neocortex, and white matter. Especially, the QD800-positive cells were densely engrafted in the peri-infarct area. Furthermore, some of them were also found in the contralateral hemispheres (Fig. 4A, C) . However, when the QD800-labeled BMSC were intravenously transplanted, the distribution of the QD800-positive cells was largely limited. Much fewer QD800-positive cells migrated towards the peri-infarct area, compared with the direct group (Fig.   4B, D) . The number of QD800-positive cells at the boundary zone of infarct in the intravenous group was significantly smaller than in the direct group: 0.1 ± 0.3 x 10 2 and 25.6 ± 5.6 x 10 2 cells, respectively (P<0.01).
To evaluate the fate of the engrafted BMSC in the infarct brain, fluorescence immunohistochemistry was performed at 28 days after BMSC transplantation. In the direct group, a certain subpopulation of the QD800-positive cells was also positive for NeuN and GFAP (Fig. 5) .
On the other hands, the QD800-positive cells did not express any specific marker for NeuN and GFAP in the intravenous group, although their number itself was quite small.
DISCUSSION
This study clearly demonstrates that the BMSC significantly enhance functional recovery after cerebral infarct in rats, when directly transplanted into the ipsilateral striatum at 7 days after the onset. However, intravenous BMSC transplantation at the same timing did not improve motor function throughout the experiments. In vivo NIR optic imaging technique supports these findings.
Thus, the technique can non-invasively demonstrate that the NIR fluorescence gradually increases and reaches the peak in the peri-infarct area, when the QD800-labeled cells are directly transplanted into the ipsilateral striatum. On the other hands, no significant NIR fluorescence can be detected under the same condition, when three-folds number of BMSC is intravenously infused.
Histological analysis also finds distinct differences between two groups. Thus, the BMSC aggressively migrate into the peri-infarct area and some of them acquire the neuronal and astrocytic phenotypes when directly transplanted into the ipsilateral striatum. However, the number of cells engrafted in the ischemic brain is much fewer in the intravenously transplanted animals.
Immunohistochemistry cannot identify their differentiation into the neural cells.
Many of previous studies have suggested that intravenous BMSC transplantation may significantly enhance functional recovery after cerebral infarct, when the BMSC is infused "within 24 hr" after the onset 23, 30 . However, therapeutic effects of intravenous BMSC delivery at 1 month post-ischemia still remains to be debated [31] [32] [33] . The discrepancy among previous studies may result from the difference in the methodology of neurological assessment. In addition, histological analysis has proven that no or only a small number of the BMSC is engrafted in the host brain when they are intravenously transplanted [34] [35] [36] . Therefore, it is most likely that the BMSC protect the host CNS tissue by secreting the neurotrophic factors or by enhancing angiogenesis around cerebral infarct, when they are intravenously transplanted in acute stage of cerebral ischemia [37] [38] [39] . Anyhow, the protocol of intravenous transplantation at 24 hr after the onset is not practical from the viewpoints of clinical situations because in vitro BMSC expansion requires at least one or two weeks.
On the other hands, direct transplantation can deliver the BMSC to the host CNS more efficiently, although it may involve the risk for additional CNS injury. In fact, previous studies have shown that the BMSC significantly promote functional recovery after cerebral infarct when directly transplanted at 7 days after the onset. Thus, the directly transplanted BMSC aggressively migrate towards cerebral infarct through chemokine systems, and many of them are engrafted in the peri-infarct area 7, 40 . intravenously or into the injured cord cavity at 3 months after the onset of SCI in rats. They assessed functional recovery during 6 months after transplantation and evaluated histological findings thereafter. As the results, they found that the directly transplanted animals, but not intravenously treated animals, showed a significant functional recovery after SCI. They also concluded that this effect is associated to long-term engraftment of BMSC and their neural differentiation in the injured spinal cord 25 . Based on these observations, the present study is the first report to clearly denote that direct BMSC delivery is superior to intravenous BMSC delivery in the viewpoints of functional recovery and histological findings, when the BMSC are engrafted "at 7 days" after the onset of cerebral infarct.
In addition, this study also demonstrates that in vivo NIR fluorescence imaging can non- In conclusion, the present study clearly demonstrates that the BMSC significantly promote functional recovery when directly injected into the ipsilateral striatum at 7 days after the onset of permanent MCA occlusion of rats. On the other hands, therapeutic effects are minimal when the BMSC are intravenously delivered at the same timing. This is the first report to scientifically compare the therapeutic effects of BMSC transplantation on cerebral infarct between two different routes of cell delivery at clinically relevant timing. The data strongly suggest that intravenous Note that many QD800-positive cells are distributed in the peri-infarct neocortex in direct group, but not in intravenous group (arrow). Scale bar = 100 µm. 
